ABSTRACT: This paper analyzes recurrence times of Holocene turbidites as proxies for earthquakes on the Cascadia and northern California active margins of western Northern America. We compare the age, frequency, and recurrence time intervals of turbidites using two methods: (1) radiometric dating ( 14 C method), and (2) relative dating, using hemipelagic sediment thickness and sedimentation rates (H method). The two approaches complement each other, and when used together provide a better age framework than 14 C ages alone.
INTRODUCTION
During the Holocene, deposition of well-correlated turbidites over great spatial length and spanning long time intervals have been studied along the continental margins of the Cascadia Subduction Zone and northern San Andreas Fault of northern California (Adams, 1990; Nelson et al., 2000; Goldfinger et al., 2003a Goldfinger et al., , 2003b Goldfinger et al., 2007) . The correlation of these turbidites implies a method of synchronous triggering. Earthquakes are the best candidates to explain this synchronous phenomenon of turbiditic sedimentation. As discussed by Goldfinger et al. (2003a Goldfinger et al. ( , 2003b and Goldfinger et al. (2006) and initially approached by Adams (1990) , there are numerous possible triggers for turbidity-current generation such as storm-wave loading, tsunamis, sediment loading, hyperpycnal flow, great earthquakes, slab earthquakes, and aseismic accretionary-wedge slip. Despite the difficulty of distinguishing seismo-turbidites from turbidites generated by other triggers, several authors have attempted to define sedimentological features that show this difference (Gorsline et al., 2000; Nakajima and Kanai, 2000; Shiki et al., 2000) . Synchroneity of correlative turbidites for thousands of years over areas covering hundreds of kilometers along the margin, however, remains the strongest criterion for testing earthquake triggering of turbidites (Goldfinger et al., 2003a (Goldfinger et al., , 2003b Goldfinger et al., 2006; Goldfinger et al., 2007) .
Although the Cascadia Subduction Zone originally was considered aseismic because of the lack of historical or instrumentally recorded seismicity, overwhelming evidence of great earthquakes and tsunamis has been documented at numerous coastal sites along the margin (e.g., Atwater, 1987; Satake et al., 1996) . In the past decade, discovery of rapidly buried marsh deposits and associated tsunami sands along the north Pacific Coast of North America has led to the recognition that the Cascadia subduction zone has generated great (Mw 8-9) earthquakes in the past (Atwater, 1987; Nelson et al., 1995) . Marine technology allows us to sample Holocene turbidites and determine the age of these deposits along the margin (Goldfinger et al., 2003a (Goldfinger et al., , 2003b . The sedimentologic record of turbidites and hemipelagic sediment recovered from multiple turbidite systems is a new proxy for Holocene earthquakes generated along the Cascadia subduction zone (Adams, 1990; Nelson et al., 2000; Goldfinger et al., 2003a Goldfinger et al., , 2003b . This approach is supported by the land sedimentary record (Goldfinger et al., 2006) .
The Holocene stratigraphy of submarine channels along the Cascadia margin has long been known to exhibit excellent turbidite marker beds that contain Mazama Ash (MA) from the eruption of Mt. Mazama, which formed Crater Lake, Oregon (Nelson, 1968) . The calender age of the eruption of Mt. Mazama has been re-dated at 7627 ± 150 cal. yr B.P. from the GISP-2 ice core in Greenland (Zdanowicz et al., 1999) . The confluence test, as described originally in Cascadia Basin by Adams (1990) , utilizes the first occurrence of Mazama ash in turbidites as a marker bed and shows synchroneity of turbidite triggering by earthquakes when the number of upstream post-Mazama turbidites in multiple tributaries equals the number of post-Mazama turbidites downstream below the tributary confluences. Correlation of major stratigraphic events is based on the first occurrence of Mazama ash in turbidites and on the approximate onset of Holocene hemipelagic sediment deposition where the clear change of color in the sediment between the olive-green Holocene and olive-gray Pleistocene deposits is an excellent datum in Cascadia Basin (Nelson, 1968; Duncan et al., 1970) (Table 1, Figs. 1, 2) .
Similarly, the turbidite history along the Northern California margin is under investigation (Fig. 1) . The tectonic setting of the northern California margin has been widely studied onshore (Brown, 1995; Schwartz et al., 1998; Prentice et al., 1999) , and turbidites offshore of this region have also been demonstrated to correlate well with the onshore earthquake record even though no good datum such as the Mazama ash or color change of Pleistocene to Holocene hemipelagic sediment has been found (Goldfinger et al., 2003a (Goldfinger et al., , 2003b Goldfinger et al., 2007) . Since the 1906 rupture, the northern San Andreas Fault has been nearly aseismic, with a few scattered events onshore and offshore (Brown, 1995) . The length of past ruptures and segmentation of the northern San Andreas Fault is controversial. Brown (1995) , Thatcher et al. (1997) , and Prentice et al. (1999) all conclude that abundant evidence for a 1906 rupture exists as far north as the Mendocino Triple Junction. Prentice et al. (1999) estimate a minimum slip rate of 14 mm/year for northern San Andreas Fault based on 180 m offset of colluvial deposits dated at 13,180 ± 170 cal. yr B.P., with a minimum rupture length of 470 km. Our correlations in the northern California margin are based mainly on 14 C ages, heavy mineralogy, and stratigraphic correlation with physical-property proxies (Goldfinger et al., 2007) .
Previous papers have established the turbidite paleoseismic history of the Cascadia subduction and northern California margins (Nelson et al., 2000; Goldfinger et al., 2003a Goldfinger et al., , 2003b Goldfinger et al., 2007) . To aid in the analysis of seismo-turbidites, this paper presents a comparison of turbidite ages, frequencies, and recurrence intervals using two methods: (1) radiometric dating, based on radiocarbon ages of foraminifera in the hemipelagic sediment just below each turbidite ( 14 C method), and (2) relative dating, based on the measurement of the time interval between two turbidites, using hemipelagic sediment thickness and sedimentation rate (H method). These two approaches provide complementary semi-independent methods to determine turbidite recurrence times. We focus on the H method to refine turbidite ages, determine the most accurate recurrence-time history and fre- California turbidite systems studied in this paper (figure modified from Goldfinger et al., 2003a) . B) Synchroneity test at a channel confluence is shown where Washington margin tributary channels merge into the Cascadia Deep-Sea Channel. The number of events downstream should be the sum of events in the tributaries, unless the turbidity currents were triggered simultaneously by an earthquake (Adams, 1990 ). T18   T12   T16   T17   T4   T5   T6   T11   T14   T7   T8   T9   T10   T13   T3   T2   T1   T21   T20   T17b   T15   0  5 0  1 0 T1   T2   T3   T4   T5   T6   T7   T8   T9   T10   T11   T12   T13   T14   490   836 Datum (see Table 1 Coarse-grained sediment pulses in turbidites are exhibited as high density and magnetic peaks and lighter intervals in X-ray radiographs. Note that the first occurrence of Mazama ash at T13, the main regional datum, is keyed in red. See Figure 5 also for a detailed analysis of turbidite characteristics.
quency of turbidites, and show the dominant control by earthquake triggering in the active tectonic margins of Cascadia and northern California.
GEOLOGICAL SETTING

Tectonic Setting
The Cascadia margin is part of a subduction zone where three plates interact through the subduction of the oceanic Juan de Fuca and Gorda plates beneath the North American plate off the coast of northern California, Oregon, Washington, and Vancouver Island (Fig. 1) . The oblique convergence rate, decreasing southward, is 40 mm/yr, directed N68°E at the latitude of Seattle (DeMets and Dixon, 1999) .
The northern California margin is crossed by the San Andreas Fault where the fault parallels the coast and then proceeds offshore from Point Arena to the Mendocino Triple Junction (Fig. 1) . The San Andreas Fault accumulates about 25 mm/year of the 34 mm/year of stress distributed across western California, or approximately 75% of the Pacific-North America Plate motion over a 100-km-wide zone (Argus and Gordon, 1991) .
Turbidite Systems and the Turbidite Record
Numerous modern turbidite systems are found in the Cascadia Basin associated with their canyons, which from north to south are Barclay, Juan de Fuca, Quinault, Grays, Willapa, Astoria, Rogue, Smith, Klamath, Trinidad, Eel, and Mendocino ( Fig. 1 ) (Nelson et al., 2000) . In the Cascadia margin we focus on two key turbidite systems that we use to apply the turbidite paleoseismic method, specifically, the Juan de Fuca Channel and the Cascadia Channel, where we have the most complete and reliable dataset.
In the northern California margin, this paper focuses on the paleoseismic record inferred from turbidites at the key site of Noyo Channel system only, where the San Andreas Fault crosses and offsets the Noyo canyon head. For our analysis, Noyo Channel has the most complete turbidite record and radiocarbon dataset.
Juan de Fuca Channel (JDF)
The Washington continental margin, within the Cascadia subduction-zone margin, is characterized by a number of submarine canyons and channels (Juan de Fuca, Quinault, Grays, and Willapa) that follow irregular pathways through the accretionary folds of the deformation front along the continental slope ( Fig. 1;  fig. 1 of Nelson et al., this volume) .
Cascadia Deep-Sea Channel (CC)
Juan de Fuca and other tributary canyons from the Washington margin join at the southern end of Nitinat Fan on the continental rise to form Cascadia Channel. Cascadia, a deep-sea channel, crosses Cascadia Basin, extends through the Blanco Fracture Zone, and continues hundreds of kilometers into Tufts Abyssal Plain ( Fig. 1 ; Nelson et al., 2000;  fig. 1 of Nelson et al., this volume) . This turbidity-current pathway, traversing 1000 km of Cascadia Basin, has remained open throughout the late Quaternary to the present. This is shown by the presence of the 13 post-Mazama ash (MA) turbidite events (T) in all 1999 cores we have recovered throughout the main channel pathway and those previously examined by Griggs (1969) and Adams (1990) . The activity of Cascadia Channel is also verified by the occurrence of the youngest turbidite (T1) with an age of ~ 300 cal. yr B.P. (362 ± (284-443) cal. yr B.P. in 23TC and 255 ± (301-101) cal. yr B.P. in 24BC) comparable to numerous observations of this event by other authors (Fig. 2 ) (Nelson et al., 1995; Satake et al., 1996; Atwater et al., 2004) .
Both the Juan de Fuca tributary and Cascadia channels below the confluence contain 13 post-Mazama turbidites ( Fig. 1) (Nelson et al., 2000) . We have extended the correlation of turbidites below the T13 first turbidite with Mazama ash so that a total of 18 Holocene turbidites can be correlated in northern Cascadia Basin. Work in progress shows that an additional event, known as T5a, is recorded at more southern sites but not found in Juan de Fuca or Cascadia Channels. Our analysis of 14 C ages and hemipelagic sediment, however, includes only the 13 post-Mazama turbidites for Juan de Fuca Channel, whereas for Cascadia Channel we analyze all 18 Holocene turbidites.
Noyo Channel (NC)
Noyo Channel lies south of Cape Mendocino and extends seaward for more than 200 km from the mouth of the canyon to the end of the pathway, where it has a confluence with Viscaino and Gualala Channels. Our analysis and previous work show that Noyo Channel has a detailed Holocene turbidite record recovered from five cores containing 2-25 turbidites that can be correlated along strike to develop a paleoseismic record ( Fig. 1 ) (Goldfinger et al., 2007) .
Character of Turbidites
In our 1999 cores, as well as the archive cores of Griggs (1969) , the characteristic Holocene mud turbidites in Cascadia Channel are thick (40-70 cm) with thin silt bases (1-3 cm) that are interbedded with thin hemipelagic clays of about 2-8 cm thickness (Nelson et al., 2000) . Both the 13 post-MA turbidite events and a consistent thickness of hemipelagic interbeds suggest a Holocene depositional history in the channel with cyclic generation of muddy turbidity currents (Griggs and Kulm, 1970; Adams, 1990) . In contrast, intermittent deposits of thick (up to 2 m) graded gravel to sand beds during the late Pleistocene suggest that stronger turbidity currents that probably resulted in channel erosion, nondeposition, or sediment bypass occurred during glacial times in Cascadia Channel Griggs and Kulm, 1970) . Juan de Fuca and Noyo Channels contain thinner (10-40 cm) and sandier (1-3 cm fine sand base) turbidites than in the Cascadia Channel that grade into a mud turbidite tail above the sandy turbidite base (Nelson et al., 2000) .
METHODS
Core Recovery and Swath Bathymetry
Prior to and during the 1999 and 2002 research cruises, all available swath bathymetry and archive core data sets from the Cascadia and northern California margin were integrated into a GIS database. The bathymetry and sidescan sonar were used to complete an analysis of channel pathways that included physiography, axial gradients, and slope stability and slumping assessments. During the cruises, the Oregon State University widediameter (10 cm) coring gear was employed to collect 44 piston cores of 6-8 m length and 44 companion trigger cores (also 10 cm) of 3 m length, as well as seven box cores of 0.5 m length x 0.5 m width in Cascadia Basin. On the northern California margin, 69 piston-trigger pairs and 10 jumbo Kasten cores (of 3 m length and 400 cm 3 ) volume were collected in 2002. Core sites were chosen to take advantage of known depositional segments of channels versus nondepositional or erosional segments.
The hemipelagic thickness analysis has been applied to 11 cores: 12PC, 12TC, and 11TC at the Juan de Fuca Channel (JDF) key site, and 22PC, 23PC, 25PC, and 6609-24PC of the Cascadia Channel (CC) key site, and 49PC, 49TC, 54 Kasten core (KC), and 50 box core (BC) of the Noyo Channel key site on the northern California Margin (Tables 2-4, Appendix 1).
General Methods of Sediment Analysis
At sea, we did a thorough lithologic description through macroscopic observations of each core to differentiate accurately between turbidite and hemipelagic sediment thickness. Visually, it was sometimes difficult to distinguish the boundary between the turbidite tail and the overlying hemipelagic sediment (Figs. 2, 3 ). Higher-latitude cores displayed significant color differences, but some southern cores did not. The sand fractions of turbidite tails are characterized by a high detrital content consisting of plant fragments and micas, while the hemipelagic sediment (clay) is characterized by a high content of microfauna (foraminifera and/or radiolaria), greater bioturbation, and an absence of terrigenous detrital material (Fig. 3A ) (Nelson, 1968 (Nelson, , 1976 . Following the techniques of Nelson (1968) , Carlson and Nelson (1969) , and Griggs et al., (1969) , when the boundary between turbidite and hemipelagic sediment was difficult to differentiate visually, we sampled the sand fraction of the sediment above and below the inferred boundary and counted microfossils and terrigenous grains with a binocular microscope (Fig. 3A) . Once the hemipelagic sediment was identified, the number of foraminifera and radiolaria were counted.
An abrupt change in color marks the stratigraphic boundary between the Holocene and the Pleistocene. Analysis of the microfauna above and below the stratigraphic boundary indicates that there is a predominance of radiolarian in the Holocene compared with a predominance of foraminifera in the Pleistocene (Nelson, 1968 (Nelson, , 1976 Carlson and Nelson, 1969; Duncan et al., 1970) . Based on the clear Pleistocene-Holocene boundary, we can determine the total thickness of the Holocene sediment drape in the Cascadia Basin and compare the cumulative Holocene hemipelagic sediment thickness in channel locations vs. interchannel locations to determine if there has been significant erosion of hemipelagic sediment in channels by Holocene turbidity currents. Holocene hemipelagic sediment thickness in interchannel locations was measured in archive cores (Nelson, 1968 (Nelson, , 1976 Duncan et al., 1970) (Fig. 4) .
To establish sedimentation rates and determine recurrence time between turbidites, high-resolution 14 C ages are required. Accelerator mass spectrometer (AMS) radiocarbon ages provided by the Lawrence Livermore Laboratory in California have been determined from planktonic foraminifera deposited in the hemipelagic sediment that underlies turbidite beds. Because previously deposited planktonic foraminifera can be reworked when they are entrained in the turbidite, the > 0.062 mm sand fraction was sieved and planktonic foraminifera were carefully hand-picked from the top 2-3 cm of the hemipelagic sediment below the base of the turbidite and above any underlying turbidite tail deposit that may have resedimented microfauna (Fig. 3A) . This avoids most of the bioturbation but does not avoid the issue of erosion of hemipelagic sediment. Turbidity currents, in some cases, erode the sea-floor hemipelagic sediment prior to deposition of the turbidite. If the hemipelagic sediment below the turbidite has been eroded, then our 14 C age obtained from the hemipelagic sediment will be anomalously old. For this reason, we use multiple cores at each location to determine the most reliable thickness of hemipelagic sediment between a set of two turbidites. The accurate hemipelagic sediment thickness, when divided by sedimentation rate, represents the recurrence time between deposition of turbidites and provides information to refine 14 C ages from core sites where hemipelagic sediment has been eroded. Raw AMS radiocarbon ages have been reservoir corrected and converted to calendar years (cal. yr B.P.) by the method of Stuiver and Braziunas (1993) .
The thickness of hemipelagic sediment intervals between turbidites provides a second means of determining time be- tween turbidites for analysis of variance between recurring paleoseismic events. The hemipelagic sedimentation rate at each local core site can be determined by adding up the cumulative thickness of hemipelagic sediment above individual radiocarbon ages and stratigraphic datums such as the first postMazama turbidite (about 7200 cal. yr B.P.) or the HolocenePleistocene biostratigraphic color change (12,750 cal. yr B.P.) ( Table 1 ). The average sedimentation rate at each site then equals the cumulative hemipelagic sediment thicknesses above each turbidite or datum age divided by the radiocarbon or datum ages. We measured the cumulative hemipelagic sediment without turbidites above a dated turbidite to calculate sedimentation rates because it is necessary to avoid errors caused by anomalous thin beds that result from the erosion by turbidity currents. We assume that the hemipelagic sediment was deposited at a constant rate during the Holocene, because the thickness of the hemipelagic sediment drape without turbidites is the same in archive interchannel cores as that in our recovered channel cores (see detailed explanation in item 1 of the next section) (Fig. 4) . The time between two turbidite events equals the hemipelagic sediment thickness between the two events divided by the average hemipelagic sedimentation rate at each core depth at each specific location. For analysis of variance between events, this time can then be compared with the time between events that has been obtained by calibrated AMS radiocarbon ages BP. The sedimentation rates derived from the 14 C ages and the H analysis make the process somewhat circular. An analysis of turbidites was done to find vitric glass associated with the Mazama eruption, which was originally identified in turbidites throughout Cascadia Basin by Nelson et al. (1968) . Mineralogic smear-slide samples from the silt-sand fraction in the turbidites were taken to count volcanic glass shards with a petrographic microscope. X-ray radiography was done in most of the cores from both margins to show grading and internal sedimentary structures of the turbidites and to define hemipelagic compared with turbidite-tail sediment (Figs. 2, 3B .I, 3B.II).
We analyzed physical properties of all cores using the Geotek MST system, collecting gamma density, P-wave velocity, and high-resolution magnetic susceptibility series for each core (Figs. 3B, 3C) . In many cases, sandy or silty pulses in individual turbidites, without hemipelagic sediment in between, were identified by MST logs (Figs. 3B, 3C ). These individual turbidites with multiple coarse-grained pulses within a single bed have been used as criteria by other investigators to identify seismo-turbidites (Gorsline et al., 2000; Nakajima and Kanai, 2000; Shiki et al., 2000) . Furthermore, physical-property signatures can help with the stratigraphic correlation. Similar methods have been used in other settings to establish stratigraphic correlation (e.g., Lake Baikal, off Morocco, and the Laptev Sea) (Lees et al., 1998; Wynn et al., 2002; Rivera et al., 2006) . The principal use of physical properties, however, is as grain-size proxies. The internal depositional pattern, including sandy intervals, muddy turbidite tails, bioturbated intervals, and hemipelagic clay can be distinguished in the magnetic and density logs in conjunction with the supporting X-ray, image, and Lithologic-log data. This usage is discussed in detail by Goldfinger et al. (2007) . To verify the density and magnetic proxies, grain-size analyses were conducted in several turbidites, examples of which are shown for turbidites T3 of piston core (25PC) in Cascadia Basin and T19 and T20 of gravity core (24GC, in the northern California margin) (Fig 3B) .
METHODOLOGY FOR HEMIPELAGIC SEDIMENT
Because 14 C ages are lacking for some turbidites, but data on hemipelagic sediment are available for all turbidites, new techniques were used to determine turbidite ages and frequency based on the thickness of hemipelagic sediment between turbidites. These techniques can be used to independently evaluate and refine the AMS radiocarbon ( 14 C) ages through the following steps:
Evaluation of Maximum Erosion by Turbidity Currents Based on Total Thickness of Holocene Hemipelagic Sediment
To determine if hemipelagic sediment has been systematically eroded below turbidites, we compare the total thickness of Holocene hemipelagic sediment at each key site with the regional thickness of the hemipelagic sediment deposited in Cascadia Basin adjacent to, but unaffected by, turbidity-current pathways. Evaluation of thickness of Holocene hemipelagic sediment drape (HHT) is based on archive interchannel cores at OSU and channel cores recovered during 1999. Figure 4 shows that along the immediate base of the continental slope of the Cascadia Margin, HHT ranged from 327 cm in a Nelson (1968) interchannel location to 365 cm in a channel location. In southern Cascadia Margin approximately 5-15 km seaward from the base of slope, an HHT of 271 cm compares to 267 cm on the Rogue Apron. About 30 km from the base of slope on the Apron, an HHT of 165 cm compares with 165 cm in Juan de Fuca Channel. A transect at 43° 30´ shows a good example of the rapid change in hemipelagic sedimentation rate from 0 to 30 km away from the base of slope ( 360 cm, 271 cm, and 165 cm ) (Fig.  4) . This gradient exhibits a constant hemipelagic sediment thickness of about 90-100 cm westward across the abyssal plain to the longitude of Cascadia Channel. During the Holocene, channel and interchannel cores record the same total thickness of hemipelagic sediment with and without turbidites. Thus, we can assume a constant rate of hemipelagic deposition during the Holocene from proximal to distal locations away from the base of the continental slope.
Because of the lack of core penetration, we cannot measure total hemipelagic thickness up to the Pleistocene-Holocene (P/ H) boundary in some of our 1999 Cascadia and Juan de Fuca channel cores. Consequently, we estimate the equivalent amount of hemipelagic thickness that would be deposited at 12,750 cal. yr B.P. using the data on maximum core depth available. In this way, the thickness of the Holocene sediment drape can be mapped in the Cascadia Basin, where there is no recovery of the P/H boundary. For example, in Juan de Fuca Channel we extrapolate to the P/H boundary by using the T13 Mazama datum (7200 cal. yr B.P.). The cumulative hemipelagic sediment thickness above turbidite 13 (T13) is 93.5 cm; thus, 93.5 cm x 12,750 yr/7200 cal. yr B.P. age = 165 cm = HHT (Fig. 4, Table 2 ), assuming a constant sedimentation rate (see 12PC location on the map in Figure 4) . Similarly, the HHT of 1999 cores 25PC, 26PC, 27PC, 29PC, 30PC, and 31PC are reconstructed.
To utilize the H method it is important to determine whether there has been a significant amount of erosion of hemipelagic sediment on the channel floors. No uniform amount of erosion is found in the Juan de Fuca and Cascadia Channels because the total Holocene hemipelagic sediment thickness (without turbidites) calculated in our cores is about equal to or more than the mapped drape thicknesses from previous studies (Fig. 4) (Duncan, 1968; Nelson, 1968 Nelson, , 1976 Griggs, 1969; Adams, 1990) . The 25PC channel core recorded 57.5 cm of hemipelagic sediment measured above T13, and Nelson (1968) recorded an average of 92 cm of HHT ((90 + 90 + 95)/3 = 92 cm) based on measurements in three interchannel cores adjacent to the Cascadia Channel for the same interval (Figs. 1, 4, Table 3 ). Using the 7200 yr T13 Mazama datum, we can calculate the amount of hemipelagic sediment deposited in Nelson (1968) cores above the T13 date as follows: 7200 yr/12,750 yr x 92 cm = 52 cm. There is just a 10% difference between the hemipelagic sediment deposited in channel and interchannel locations, showing that the turbidity currents did not erode significantly in the Cascadia Channel vs. nearby interchannel locations. Making similar calculations, an archive interchannel core (Duncan, 1968) closer to the base of slope (50 km) has an HHT of 130 cm and an estimated thickness of 73 cm above T13 (Fig. 4) . We can compare the 73 cm sediment thickness above T13 from the Duncan (1968) core with the 93.5 cm at T13 deposited in Juan de Fuca 12PC core, which is located closer to the base of slope (20 km) (Fig. 4, Table  2 ). Considering the gradation in sedimentation rate and the closer location of 12PC to the base of slope, again no significant erosion of hemipelagic sediment is indicated at this more proximal northern channel location.
Best Hemipelagic Sediment Thickness (BT)
For this study, the H thickness below turbidites has been measured in Juan de Fuca cores to turbidite T13, in Cascadia cores to turbidite T18, and in Noyo cores to turbidite T25 (Tables 2, 3 , Appendix 1). Best hemipelagic thickness (BT) below correlative turbidites from multiple cores at a channel site was calculated by averaging the thickness of the two or three thickest hemipelagic sediment deposits. By using the two or three thickest layers, our error is biased towards maximum thickness and reduces the potential effect of local basal erosion by turbidity currents. By averaging two or three layers we are also reducing the effect of variance in visual core lithology descriptions and visual observations of the geophysical log signatures.
Hemipelagic Sedimentation Rates Using 14 C Calibrated Years Before Present (cal. yr B.P.) Ages
To calculate sedimentation rates down core, we utilize T1 (300 cal. yr B.P.), Mazama ash T13 (~ 7200 cal. yr B.P.) and T18 (~ 9770 cal. yr B.P.) age datums, and 14 C ages for individual turbidite events (Tables 1, 2, 3) . The sedimentation rate with depth at each site is calculated by subtracting the turbidites and then summing the BT thickness increments above each datum or 14 C age and dividing the thickness of hemipelagic sediment by the age (Tables  1, 2, 3 ). For example, in T1 of Juan de Fuca Channel we have a total H of 7.7 cm (H above T1 + H between T1 and T2) that we divide between 607 cal. yr B.P. (age below T2). The result is multiplied by 1000 yr to obtain the sedimentation rate of 12.7 cm/1000 yr ( Table  2) . We use cumulative thickness of BT above turbidites to smooth possible age errors caused by the erosion in individual hemipelagic sediment layers. Sedimentation rates range between 10.5 and 13.1 cm/1000 yr until T13 at Juan de Fuca Channel and between 8.1 and 10.6 cm/1000 yr until T18 at Cascadia Channel. Then, the radiocarbon ages used to obtain these sedimentation rates and age datum calculations have all been refined. To avoid errors in sample depth, the time corresponding to the hemipelagic sediment thickness between the sample mid-point and the base of the turbidite sand has been subtracted, as shown in Fig. 3A and Tables1, 2, and 3.
Effects of Hemipelagic Sediment Erosion on 14 C and BT Data: Testing Reliability of Ages
The amount of erosion can be evaluated by comparing all hemipelagic intervals between each correlative turbidite in multiple cores at one site. Any erosion from the top of the hemipelagic layer results in 14 C ages that are anomalously old and recurrence times between turbidites that are anomalously young. Our BT analysis from multiple cores can be used to compensate for differential erosion that has affected H recurrence times. However, for 14 C ages acquired from significantly eroded H intervals, erosion correction is needed for anomalous old ages (Tables 2, 3) .
We evaluated the percentage of hemipelagic sediment variation by comparing the hemipelagic sediment measured in the core where the 14 C sample was taken with the BT or maximum thickness for the same turbidite event in all cores at the site. For example, we need to eliminate the effects of erosion of hemipelagic sediment on the 14 C age for T3 at Juan de Fuca Channel because the H where the 14 C sample was taken was 12% thinner than the BT for this turbidite T3 (40 mm in 11TC/12TC cores compared to 45 mm of BT for T3 in all cores at this site) ( Table  2) . We subtract the time corresponding to the 5 mm of sediment thickness. This results in a corrected age of 791 yr, using 11 cm/ 1000 yr of sedimentation rate. At Juan de Fuca Channel we eliminated the effect caused by the erosion in the hemipelagic sediment on 14 C ages in T3, T10, and T11, obtaining final ages of 791 yr, 4606 yr, and 5976 yr, respectively (Table 2) . At Cascadia Channel we did the same recalculation of 14 C ages in T6, T8, T9, and T12, obtaining final ages of 2690 yr, 3533 yr, 4273 yr, and 6669 yr, respectively (Table 3) . Those ages corrected by erosion have been used to calculate recurrence times shown in Figures  5B and 5D .
Datum Ages
After refining 14 C ages for sampling depth, we find that the first post-Mazama turbidite (T13) occurred at ~ 7200 cal. yr B.P., using ages in 12PC and 11PC from Juan de Fuca Channel and 25PC and core 6609-24 of Griggs (1969) from Cascadia Channel (Table 1, Fig. 1 ). Utilizing 7200 yr for T13 and 300 cal. yr B.P. (Nelson et al., 1995; Satake et al., 1996) for event T1, the interval of time between both datums is 6900 yr. Dividing 6900 yr by the 12 turbidite events, we obtain a mean recurrence time of 575 yr in northern Cascadia Basin. Using the sedimentation-rate corrections for the nearly identical 14 C ages of the T18 datum at key sites Juan de Fuca Channel, Cascadia Channel, and Rogue Apron (RA), we obtain an average age of ~ 9800 yr (Table 1) . Based on the time difference between the T13 and T18 datum ages (i.e., 2600 yr /5 T events) equals an average recurrence time interval of 520 yr for the early Holocene in the northern Cascadia margin. In summary, the northern Cascadia margin represented by Juan de Fuca and Cascadia Channels has an average recurrence time of 5 50 yr for T1 to T18 events during the Holocene.
Recurrence Times Based on Hemipelagic Sediment
Once the 14 C ages are refined for sampling depth and erosion, the sedimentation rates can be recalculated and averaged to estimate recurrence times of turbidite events based on BT.
Recurrence times based on hemipelagic sediment thickness are calculated by dividing BT and our moving-average sedimentation rates for the appropriate interval (Tables 2, 3, 4). As an example, the refined sedimentation rate in T2 of Juan de Fuca Channel is 14 cm/1000 yr and the recurrence time is 407 yr based on the following calculations: (57 cm of BT x 1000 yr)/ 14 cm = 407 yr. The maximum BT recurrences times are 916 yr and 922 yr, and the minimum BT recurrences times are 321 yr and 221 yr for Juan de Fuca l and Cascadia Channels, respectively (Tables 2, 3, Figs. 5, 6). The BT recurrence times are shown in a plot of BT recurrence versus turbidite event and compared to 14 C recurrence curves for Juan de Fuca and Cascadia key sites (Fig. 5B, 5D ). The BT curves are continuous and smoother than the 14 C curves at all sites for reasons discussed below, but the temporal patterns of the 14 C and BT curves are similar at each key site. Juan de Fuca Channel shows three cycles with maximum times between T11-T10, T8-T7, and T5-T4, with a cluster of more frequent turbidites after each long recurrence time. Cascadia Channel curves are more incomplete because there are some gaps without ages, but we can distinguish a maximum between T11 and T10.
Recurrence Time based on 14 C Age
We calculate turbidite recurrence times based on 14 C ages ( 14 C recurrences) by determining the time difference between each pair of turbidites (Tables 2, 3 ). The 14 C recurrences are shown in a plot of recurrence versus turbidite event number (T) for each Juan de Fuca and Cascadia key site (Fig. 5B, 5D ). The maximum 14 C recurrence times are 1129 yr and 1613 yr, and the minimum 14 C recurrences times are 190 yr and 34 yr for Juan de Fuca and Cascadia Channels, respectively, when ages are not corrected for significant H erosion where the 14 C sample was taken (see discussion in section 11 below) (Tables 2, 3; Fig. 6 ).
Ages of Turbidites Based on Best Hemipelagic Sediment Thickness (BT)
We add the BT recurrence interval times consecutively with depth to determine the age of each turbidite based on hemipelagic sediment thickness (Tables 2, 3 ). For example, turbidite T2 has a BT age of 707 yr when the time since the last turbidite (300 cal. yr B.P.) (Nelson et al., 1995; Satake et al., 1996) is added to the BT recurrence time of T2 that is 407 yr. Similarly, T3 is 1064 yr when the T2 age of 707 yr is added to the T2 to T3 BT recurrence time of 357 yr, etc. (Table 2 ). BT and 14 C ages are plotted versus T events (Fig. 5) . Except for the oldest ages, the independently derived BT and 14 C ages have a close correspondence in Juan de Fuca and Cascadia channels. The 14 C and BT ages from Juan de Fuca Channel provide the most complete data sets for comparison. At Juan de Fuca Channel, the 14 C and BT ages show good agreement, with about half the ages between T1 to T13 exhibiting a difference of ~ 100 yr or less for correlative T events (Table 2, Fig.  5A ). Cascadia Channel does not have a complete data set, but between C and BT curves we can find less than 100 years difference in T3, T4, T6, and T8 and a difference of hundreds to a thousand years between T9 to T12 (Table 3 , Fig. 5C ). A gradually greater difference in 14 C and H ages most likely takes place down core because age errors are cumulative.
9.Analysis of Noyo Independent Hemipelagic Sediment Thickness for 14 C Oxcal Age Corrections
The turbidite record for the northern San Andreas Fault, in general, is more difficult to assess, because: (1) there are no good regional datums like Mazama ash or consistent Holocene to Pleistocene faunal changes to correlate turbidites, (2) the turbidites are more difficult to distinguish visually in the upper part of cores because colors are less distinct between the hemipelagic and turbidite tail sediment, and (3) the amount of compaction varies for different coring systems (i.e., we calculated 27% in 49TC, 30% in 54KC, and 17% in 50BC at Noyo Channel, based on differences in thickness for correlated layers in different cores) (Fig. 7, Table 4 , Appendix 1). For this reason, we have made alternative calculations for H analysis at Noyo Channel to test calibrated 14 C ages that were calculated using the OxCal software to calibrate and refine radiocarbon probability models (http:// www.rlaha.ox.ac.uk/orau/oxcal.html). Goldfinger et al. (2007) used this method to incorporate external constraints such as sediment thickness, sedimentation rates, and historical data to refine the 14 C probability distributions for a given event.
Using OxCal, multiple ages for a given event are taken into consideration, and rather than averaging, iterative Bayesian models are used to narrow the probability distributions for events that are known to correlate, and/or have independent constraints such as the 1906 San Francisco earthquake (Nelson et al., 2000; Ramsey, 2001) . Where age data are missing, sedimenta- Table 2 ). After the application of the hemipelagic method to 14 C ages to avoid the basal erosion, these two data sets compare well. B) Plot showing turbidite recurrence times at JDF site, for both 14 C and BT data sets. After refining calculations based on hemipelagic thickness, agreement of the two independent data sets is considerably improved (Table 2 ). C) Plot showing comparative 14 C and BT ages vs. T events at Cascadia Channel (CC) ( Table 3 ). After hemipelagic-based correction to 14 C ages for basal erosion, these two data sets compare well. D) Plot showing turbidite recurrence times at CC site, for both 14 C and BT data sets. After corrections based on hemipelagic thickness, agreement of the two independent data sets is improved (Table 3) .
tion rates and hemipelagic intervals alone can be used. Ages calculated in this way can substitute for undatable events, and serve as a check on the 14 C ages. Using 14 C ages modified by the OxCal methodology, we have done a parallel H analysis for Noyo Channel, obtaining recurrence times and ages based on hemipelagic sediment thickness (Fig. 7 , Table 4 , Appendix 1). The basic methodology to obtain these recurrences follows the same techniques used in Cascadia Basin, except that for the Noyo Channel data we do not use cal. yr B.P. ages. Instead, we use 14 C ages modified by OxCal with all the constraints included (sampling depth, erosion, and hemipelagic sediment thickness). As in Cascadia Basin, the hemipelagic sediment thicknesses were measured between the turbidite events in cores 49 PC/TC, 54KC, and 50BC, and an independent analysis of recurrence interval times for each core was done considering its individual compaction rate. The total H is added to obtain the cumulative H, and the sedimentation rates are calculated using OxCal 14 C ages. The sedimentation rates are calculated using a moving window. The recurrence times were then averaged for each correlative turbidite. In some cases we average the recurrence times from three cores, and in cases where one core has an extreme value the average is based on two cores (except for events one and two, where four recurrences are averaged) (Table 4) . To obtain H ages we follow the same procedure used for Cascadia Basin. For OxCal 14 C recurrence times, we determine the time between each set of correlative turbidites.
We find that the maximum and minimum H recurrence times are 296 yr and 176 yr, respectively and the maximum and minimum OxCal 14 C recurrence times are 348 yr and 142 yr. The average H recurrence time is 207 yr, and the average OxCal 14 C recurrence time is 232 yr ( Table 4 ). The pattern of variation in recurrence and age down the core for the first 14 events is plotted in Figure 7A and B. Note that events 3 and 4 are considered as one turbidite event because there is an absence of hemipelagic sediment between pulses in a single continuous turbidite.
The recurrence curves show parallel results, suggesting that both data sets are compatible but that H recurrence times have less variation compared to 14 C recurrence times. Comparing both data sets, turbidites T2, T7, and T11 exhibit almost equal recurrence times, but the rest of the events have lower values of H recurrence times (about 40-50 yr of difference). The highest frequency of H recurrence times is between 200 and 250 yr (Fig.  7C) . The OxCal 14 C recurrence times show maximums between 300 and 350 yr, and the distribution of frequencies is lower and broader than H recurrence times. The plot of OxCal 14 C age against H age has younger ages from T1 to T5, similar ages from T6 to T8, and older ages from T9 to T14, with an increasing difference down the core, which, as with Cascadia dates, also appears to be related to the cumulative error down core in H ages.
DISCUSSION
Contribution of Analysis of Hemipelagic Sediment Thickness to Paleoseismic Studies
Analysis of hemipelagic sediment thickness contributes significantly to paleoseismic studies in deep-water environments where turbidites can be proxies for earthquakes. The onland coastal paleoseismic record is limited to ~ 7000 yr in the Cascadia Subduction Zone and to ~ 3000 yr on the Northern California margin (Satake et al., 1996; Atwater and Hemphill-Haley, 1997; Kelsey et al., 2002; Niemi et al., 2002) whereas the turbidite stratigraphy provides a 10,000 yr record of earthquake periodicity (Nelson et al., 2000; Goldfinger et al., 2003a Goldfinger et al., , 2003b Goldfinger et al., 2007) . In addition, onshore, paleoseismic studies are commonly based only on 14 C ages, and they have no independent method like the hemipelagic thickness analysis to assess reliability of minimum recurrence times between turbidites and to estimate turbidite ages that are undatable by 14 C.
How reliable is the hemipelagic-thickness method? In the Cascadia Basin, hemipelagic sediment thickness is consistent throughout the basin relative to the distance from the base of the continental slope. At proximal locations at the base of the continental slope, about 360 cm of hemipelagic sediment was deposited during the Holocene, whereas at distal locations, such as Cascadia Deep Sea Channel, the average thickness is about 100 Tables 2, 3 ). Histograms show the number of recurrence times observed in each 100 yr interval class (e.g., 0-100 yr, 100-200 yr) at each site shown in the figure. Note that the maximum (~ 1300 yr) and minimum (~ 300 yr) recurrence times are the same for 14 C and BT, but both extremes are more frequent for the 14 C data set. Comparing both histograms, we can infer that BT data show a major mode of recurrence times from 500 to 600 years and a normal distribution of times, whereas the 14 C recurrence times are more broadly distributed.
cm, which is slightly more than numerous interchannel cores without turbidites (~ 90 cm) (Fig. 4) . Our analysis of many Cascadia Basin cores also shows that there is only a small percent change in hemipelagic sedimentation rates during Holocene time at any location (Tables 2, 3 ). The map of Holocene sediment drape demonstrates that the hemipelagic sediment thickness in channel locations with turbidites and adjacent interchannel locations without turbidites is approximately the same (Fig. 4 ). An important implication of this study is that during the Holocene there was no significant net erosion of hemipelagic sediment by abyssal-channel turbidity currents. Nevertheless, there is some local erosion below some turbidites, which may have resulted from stronger turbidity currents caused by bigger earthquakes and variable topography of the channel floors. The hemipelagic-thickness method in Cascadia Basin, along with the turbidite paleoseismic method, may be restricted to times of sea-level highstand because turbidity currents are weaker, contain a smaller and finer sediment load, and are generated in canyon heads distal from river mouths (Fig. 1) . In contrast, lowstand turbidites are thicker and coarser grained, and result in significant channel-floor erosion (Nelson, 1976; Nelson et al., 2000) . Another reason why this turbidite paleoseismology may work only during highstands is that earthquakes are the primary turbidity-current triggering mechanism whereas during lowstands there may be additional mechanisms, including ignitive turbidity currents, hyperpycnal flows, and random sediment failures in addition to earthquakes (Nelson et al., 2000; Goldfinger et al., 2003a Goldfinger et al., , 2003b Goldfinger et al., 2006) .
On active margins, such as Cascadia and northern California, the hemipelagic-thickness method can be used as a tool to refine turbidite 14 C ages, by correcting the effects of erosion of hemipelagic sediment and errors in sample technique that anomalously increase the recurrence times between earthquakes.
Turbidite Recurrence Times in the Cascadia Subduction Zone
It is of great importance for hazard analysis to define accurate minimum recurrence times for great earthquakes in the Cascadia Subduction Zone. Because of the constant rate of hemipelagic sedimentation in channel versus interchannel locations during the Holocene (e.g., generally 10 cm/1000 yr at Cascadia Channel), minimum 14 C recurrence intervals cannot be less than the BT stratigraphic time represented by multiple cores at a key site. For example, the minimum recurrence time based on 14 C ages for T11 Table 4 above and Appendix 1). Both curves are in good agreement, but in general, the hemipelagic sediment recurrence times show less variation than 14 C times. B) Plot showing the OxCal 14 C Age in yellow vs. the hemipelagic sediment ages (H Ages) in dark pink through the same 14 turbidites. Note that the H ages are equal or younger from T6 to T14 whereas they are slightly older in T2, T3/4, and T 5 (Table 4) and T12 in Cascadia Channel is 34 yr, whereas the recurrence interval based on BT is 278 yr (Table 3) . Assuming a consistent sedimentation rate of 9 cm/1000 yr between T11 and T12 and having a hemipelagic sediment thickness of 2.5 cm below T11, the stratigraphic time between those turbidites increases almost 250 yr in comparison with the time obtained by considering only uncorrected 14 C ages (6780 -6746 = 34 yr, difference between two correlative 14 C ages) (Table 3) . Thus, it is crucial to refine 14 C ages using hemipelagic sediment thickness between turbidites to obtain the most accurate measure of minimum recurrence times.
On the Cascadia Subduction Zone margin, the turbidite events in the Juan de Fuca and Cascadia channels for the past 5000 yr (between T1 and T10) show maximum BT and 14 C recurrence times of between ~ 1000 and 1200 yr and minimum recurrence times of ~ 300-400 yr (Fig. 6) . Although both types of data show similar maxima and minima, the BT recurrence times display a more normal distribution with a mode of 500-600 yr compared to the 14 C recurrences, which have a broader distribution (Fig. 6) . Comparing the hemipelagic-thickness recurrence times (BT recurrences) with the 14 C recurrence times for Juan de Fuca and Cascadia Channels from T1 to T13 and from T1 to T18, respectively, in Tables 2 and 3 , we can see a difference between the maximum and minimum of 14 C recurrence times on the order of a thousand years for both (~ 900 -1500) whereas the difference of BT recurrences is on the order of hundreds of years (~ 600-700 yr). This demonstrates that when we use data on hemipelagic thickness to correct 14 C ages, we smooth the recurrence times by eliminating apparent 14 C outliers.
The large number of age dates from cores in Cascadia Basin along with well-constrained stratigraphic datums allows an accurate measure of turbidity-current recurrence intervals. We found that turbidites occur with an average frequency of ~ 550 yr for the past ~ 7200 yr and ~ 520 yr from 7200 yr to 9800 yr in northern Cascadia Basin. These average recurrence values can be used to compare with other margins with similar tectonic settings. Based on tsunami deposits, Nanayamal et al. (2003) interpret that great earthquakes that rupture ~ 1000 km of the Kurile Trench Subduction Zone also occur approximately every 500 years. In contrast, the historic record of the Nankai Trough Subuction Zone appears to exhibit much more frequent (100-150 yr) and segmented earthquakes (Sugiyama, 1994 ). Obviously, many more H method studies about earthquake frequency are necessary in other subduction zones, such as Sumatra, to define the variability of earthquake frequency Nelson et al., 2005) .
Turbidite Recurrence Times on the Northern California Margin
In Noyo Channel, we have been able to obtain and to compare recurrence times based on OxCal 14 C ages and hemipelagic sediment thickness (H) where correlations are more difficult to distinguish without regional datums (Table 4 , Fig. 7) . By using OxCal 14 C ages "overlapped" with hemipelagic analysis, we obtain better agreement in turbidite ages between H and 14 C methods than in Cascadia Subduction Zone Margin, where we use cal yr. B.P. ages. In the northern California Margin, using hemipelagic thickness analysis, we obtain an average recurrence time of ~ 200 yr between turbidite events, maximum times of 296 yr (H recurrence) and 348 yr (OxCal 14 C recurrence) and minimum times of 176 yr ( H recurrence) and 142 yr (Oxcal 14 C recurrence) (Fig. 7C, Table 4 ). The OxCal 14 C recurrence times have greater extremes than those based on analysis of hemipelagic thickness. Similar to Cascadia Basin, the data from California again shows that the larger data base of hemipelagic thickness provides a more normal distribution of recurrence times than 14 C ages. The more normal distribution of hemipelagic recurrence times may result in part because the data base from multiple cores and all turbidites is much larger and in part because each 14 C recurrence value is based on two ages, each of which can have an error. Consequently, the chances for errors with 14 C recurrence times are twice that compared to turbidite recurrence times based on hemipelagic thickness, and could result in additive or subtractive 14 C outliers.
We observe that earthquakes on the California margin (~ 200 yr) trigger turbidites more frequently than on the Cascadia margin (~ 500 yr), and this is corroborated by the onland record (Prentice et al., 1999; Knudsen et al., 2002; Kelson et al., 2006; Zhang et al., 2006; Goldfinger, et al., 2007) . At Olema, 45 km north of San Francisco, Niemi and Hall (1992) estimate that if the 4-5 m slip event recorded in 1906 is characteristic, the recurrence time for such events would be 221 ± 40 yr. Both our data and 10 new ages from the Vendata site and sites near Fort Ross suggest an average recurrence interval of ~ 200-230 yr (Goldfinger et al., 2007) .
Along the Cascadia margin, the tsunami record at Willapa Bay, Washington, and the onshore record of Sixes Rivers, Oregon, show average recurrence times of great earthquakes for the past 4000 years (533 and 529 yr, respectively) that agree quite closely with those of the turbidite paleoseismic record of the past 4000 yr (~ 520 yr) (Atwater and Hemphill-Haley, 1997; Kelsey et al., 2002; Nelson et al., 2003) . Consequently, we have the potential to go back in time using both the turbidite and onshore paleoseismic records to establish a more complete model of earthquake recurrence times to be applied in different active continental-margin settings.
Global Implications
The Cascadia and northern California continental margins comprise a data base of many cores with numerous 14 C turbidite ages. There are many contamination and sampling artifacts that must be noted to obtain the best 14 C age. At this point, our study shows that the evaluation of hemipelagic thickness and sedimentation rates together with 14 C ages can be an effective method to improve the temporal turbidite history of a continental-margin system. These data are of particular importance where accurate assessment of recurrence-interval statistics is integrated into assessments of seismic hazard. To create a rapid preliminary method to estimate turbidite recurrence times and ages, the hemipelagic analysis can be used with a minimum number of 14 C ages. A caveat to this method is that when coastal and turbidite paleoseismic records need to be correlated, both complete 14 C and H methods are necessary. The two methods applied to turbidite paleoseismology offer time spans mostly unavailable at land paleoseismic sites and the use of two complementary methods for turbidite ages and frequency.
The analysis of hemipelagic sediment thickness can be applied to different margins with multiple turbidite systems and tributary-channel confluences. The thickness of the Holocene hemipelagic sediment needs to be mapped in areas without turbidites and carefully 14 C dated to prove that the amount of hemipelagic sediment deposited is almost equal along the margin and that the sedimentation rate is constant. With the known thickness patterns of the hemipelagic sediment, multiple cores can be utilized to determine the reliability of hemipelagic sediment in channel-floor sites that may be subject to local turbiditycurrent erosion.
Our studies on the Cascadia and northern California margins suggest that during the Holocene, turbidity currents were weaker and thus hemipelagic sediment is a reliable measure of time. The opposite appears to be the case during the late Pleistocene, because the thick and coarse turbidites indicate stronger and presumably more erosive turbidity currents during times of lower sea level and greater sediment input directly into canyon heads (Nelson, 1968 (Nelson, , 1976 Nelson et al., 2000) .
Our study of analysis of hemipelagic sediment thickness has developed the first extensive data set to infer average recurrence times for paleoseismic turbidites on two different types of tectonically active margins. Great earthquakes on the northern California margin are more than twice as frequent on average (200 yr) as those on the northern Cascadia Subduction Zone margin (~ 550 yr). Our data showing two different recurrence frequencies is an important verification of the hemipelagic-thickness and turbidite paleoseismic methods.
CONCLUSIONS
On the Cascadia Subduction Zone and northern California continental margins, we define and compare Holocene ages, frequency, and recurrence interval between turbidites with two methods: (1) absolute dating ( 14 C method) and (2) relative dating, based on the measure of time interval between turbidite events, using hemipelagic sediment thickness between two turbidites (H method). Turbidite ages and recurrences times, based on 14 C ages or semi-independent hemipelagic thickness ages, generally agree if 14 C ages taken from anomalously thin hemipelagic interbeds are corrected for erosion.
The H method is important because (1) deep-sea sedimentation provides an independent time yardstick derived from a constant rate of hemipelagic sediment deposited between turbidites; (2) hemipelagic thickness and sedimentation rate provides a set of turbidite recurrence times and calculated ages to compare with similar 14 C data sets; (3) the evaluation of hemipelagic sediment thickness in multiple cores at the same site can be utilized to evaluate erosion effects, and to refine and test the reliability of radiocarbon ages that look too old for a better correlation of turbidite events and consequent paleoseismic history along the margin; (4) hemipelagic data are available for every turbidite event from multiple cores at each key site compared to a single incomplete set of radiocarbon ages at each key site; (5) hemipelagic data can be used to calculate ages for events that cannot be dated by other methods; and (6) hemipelagic data can be used to constrain radiocarbon age distributions, particularly for (1) minimum recurrence times that are most important for hazards analysis, and (2) where the calibration curves result in broad probability density functions.
From the analysis of hemipelagic sediment thickness in the northern Cascadia Subduction Zone we can conclude that: (1) for the past ~ 7200 cal. yr B.P. whole-plate earthquakes take place every ~ 575 yr on average and every ~ 520 yr in the early Holocene (between ~ 7200 and 9800 yr), (2) for the past ~ 5000 yr minimum recurrence times are ~ 300-400 yr and the maximum recurrences times are ~ 1000-1200 yr, and (3) both 14 C and hemipelagic data sets have most recurrence times in the 500 to 800 yr range, but the hemipelagic data show a normal distribution of recurrence times from 500 to 600 yr whereas the 14 C recurrence times are more broadly distributed.
From the northern California margin hemipelagic analysis we conclude that for the past ~ 2600 yr: (1) frequency of earthquakes in Noyo Channel is ~ 200 yr, (2) the minimum recurrence times are ~ 176 yr based on the H analysis and ~ 142 yr based on the difference between correlative OxCal 14 C ages, and (3) the maximum recurrence times are ~ 300 yr based on the H analysis and ~ 350 yr based on the difference between correlative OxCal 14 C ages.
The H method indicates that earthquakes on the San Andreas transform fault along the northern California are twice as frequent as on the Cascadia Subduction Zone margin. The H method together with 14 C ages may be valuable tools to infer periodicity of earthquakes in different tectonic settings.
Techniques of turbidite paleoseismology and hemipelagic sediment thickness are important to use for analysis of earthquake hazard risk on active margins worldwide. The results obtained in Cascadia Subduction Zone and the California margin off the northern San Andreas Fault can be applied and compared with other active margins as well as passive margins where earthquake triggering is less important. 
